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SOUND SOURCE LOCALIZATION
APPARATUS AND SOUND SOURCE
LOCALIZATION METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit from U.S. Provisional
application Ser. No. 61/217,803, filed Jun. 4, 2009, the con-
tents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a sound source localization
apparatus and a sound source localization method.

2. Description of the Related Art

In recent years, robot technology has rapidly progressed
and more and more robots such as humanoid robots work with
humans. For practical use of the robots, “robot audition” has
attracted great attention and various proposals have been
made (for example, see K. Nakadai et al., “Active Audition for
Humanoid”, in Proc. of 7th National Conf. on Artificial Intel-
ligence (AAAI 2000), pp. 832-839, 2000). Sound source
orientation, that is, estimation of sound source localization, is
one of the most fundamental processes for robot audition. The
subsequent processes such as sound source separation and
speech recognition are induced from the results of the sound
source localization.

A multiple signal classification (MUSIC) method is one
sound source localization sound orientation method used in
real world application examples such as robots. The MUSIC
method has a merit in that it is easier to detect peaks of the
spatial spectrum when compared with other known methods.

SUMMARY OF THE INVENTION

However, the MUSIC method is focused on static condi-
tions, and is established on the premise that target sound
sources are stronger than noise sources. That is, in the MUSIC
method, the sound source orientation of a target is estimated
by assuming that a sound source having a great eigenvalue is
a target and a sound source having a small eigenvalue is a
noise. Therefore, for example, in a system having a stationary
noise source with a large amount of power, such as a moving
typerobot having a heat-dissipating fan, since the influence of
noises is great and the above-mentioned assumption is not
satisfied, there is a problem that the sound source orientation
cannot be estimated correctly.

In a moving type robot having a microphone in its rotatable
head, since a correlation matrix for the sound source with the
rotation of the head is different from the correlation matrix
without the rotation of the head, there is a problem in that it is
necessary to prepare for various correlation matrices corre-
sponding to the rotation of the head in advance, and a lot of
data must be stored.

The present invention was made in consideration of the
above-mentioned problems, and it is an object of the inven-
tion to provide a technique of correctly localizing a sound
source orientation in a system having a stationary noise
source.

To accomplish the above-mentioned object, according to a
first aspect of the sound source localization apparatus, there is
provided a sound source localization apparatus for localizing
asound source using an eigenvector, including: a sound signal
input unit (e.g., a microphone array 100 in an embodiment)
inputting a sound signal; a correlation matrix calculation unit
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(e.g., a correlation matrix calculator 110 in an embodiment)
calculating a correlation matrix of the input sound signal; and
an eigenvector calculation unit (e.g., an eigenvector calcula-
tor 120 in an embodiment) calculating an eigenvalue of the
correlation matrix using the calculated correlation matrix.
Here, the eigenvector calculation unit calculates the eigen-
vector using the correlation matrix (e.g., a correlation matrix
R in an embodiment) of the input sound signal and one or
more predetermined correlation matrices (e.g., a correlation
matrix K and correlation matrix C in an embodiment).

In a sound source localization apparatus according to a
second aspect of the invention, the eigenvector calculation
unit may include a correction unit correcting a predetermined
correlation matrix and changes the eigenvector of the prede-
termined correlation matrix.

In a sound source localization apparatus according to a
second aspect of the invention, the sound source localization
apparatus may further include a microphone posture infor-
mation storage unit (e.g., a driving controller 140 or eigen-
vector calculator 120 in an embodiment) storing microphone
posture information indicating a microphone posture. Here,
the eigenvector calculation unit may correct the correlation
matrix on the basis of the microphone posture information.

According to a fourth aspect of the invention, there is
provided a sound source localization method of localizing a
sound source using an eigenvector, including: a sound signal
input step of inputting a sound signal; a correlation matrix
calculation step of calculating a correlation matrix of the
input sound signal; and an eigenvector calculation step of
calculating an eigenvalue of the correlation matrix using the
calculated correlation matrix. In the eigenvector calculation
step, the eigenvector is calculated using the correlation matrix
of the input sound signal and one or more predetermined
correlation matrices.

According to the sound source localization apparatus of the
first aspect, because the eigenvector for localizing a sound
source is calculated using a predetermined correlation matrix
(e.g., a correlation matrix K in an embodiment), a sound
source localization can be performed while reducing the
effect of stationary noise. In other words, a sound source can
be correctly localized in a system having a stationary noise
source.

In addition, because the eigenvector for localizing a sound
source is calculated using a predetermined correlation matrix
(e.g., acorrelation matrix C in an embodiment), a localization
for a specific sound source can be performed while reducing
the effect of other sound sources. In other words, a sound
source can be correctly localized in a system having a plural-
ity of sound sources.

According to the sound source localization apparatus of the
second aspect, because the predetermined correlation matrix
(e.g., a correlation matrix C in an embodiment) is corrected,
a target sound source can be appropriately separated and
recognized in subsequent processes such as a sound source
separation process, or a speech recognition process. For
example, a recognition process can be appropriately per-
formed depending on the degree of interest in the sound
sources.

According to the sound source localization apparatus of the
third aspect, because the predetermined correlation matrix
(e.g., a correlation matrix C in an embodiment) is corrected
based on the microphone posture information, a sound source
can be correctly localized in accordance with the microphone
posture even when the microphone posture is changed. In
other words, because it is not necessary to prepare various
correlation matrices beforehand depending on the micro-
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phone posture, a sound source can be correctly localized in
accordance with the microphone posture while reducing the
amount of data to be stored.

According to the sound source localization method of the
fourth aspect, an effect similar to that in the first aspect can be
obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a side view schematically illustrating a robot
provided with a sound source localization apparatus accord-
ing to an embodiment of the invention.

FIG. 2 is a block diagram schematically illustrating a con-
figuration of the robot.

FIG. 3 is a diagram schematically illustrating the robot and
surrounding environments of the robot.

FIG. 4 is a diagram illustrating various parameters used in
the description.

FIG. 5 is a diagram illustrating various parameters addi-
tionally used in the description.

FIG. 6 is a diagram schematically illustrating the architec-
ture of a selective attention system.

FIG. 7 is a diagram schematically illustrating steps of
deriving each correlation matrix.

FIG. 8 is a diagram illustrating the comparison result of the
MUSIC method and the GEVD method.

FIGS. 9A, 9B, 9C, and 9D are diagrams illustrating snap-
shots in a test of the selective attention system.

FIGS. 10A, 10B, and 10C are diagrams schematically
illustrating the functions of an eigenvector calculator and the
like.

FIGS. 11A and 11B are diagrams schematically illustrat-
ing the functions of the eigenvector calculator and the like.

FIGS. 12A and 12B are diagrams schematically illustrat-
ing the functions of the eigenvector calculator and the like.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, an embodiment of the invention will be
described.
Outline of a Sound Source Localization Apparatus

A sound source localization apparatus 1 according to an
embodiment of the invention, specifically, a robot 4 provided
with the sound source localization apparatus 1 according to
the embodiment, will be roughly described with reference to
FIGS. 1and 2. FIG. 1 s a side view schematically illustrating
the robot 4 provided with the sound source localization appa-
ratus 1 according to this embodiment. FIG. 2 is a block
diagram illustrating the configuration of the robot 4. As
shown in FIG. 1, the robot 4 includes a body 41, a head 42
movably connected to the body 41, and a reception part 45.

As shown in FIG. 2, the robot 4 includes a microphone
array 100 (sound signal input unit) and a head function unit
150 in the head 42. The robot 4 includes a correlation matrix
calculator 110 (correlation matrix calculation unit), an eigen-
vector calculator 120 (eigenvector calculation unit and micro-
phone posture information storage unit), a sound source
localization unit 130, and a driving controller 140 in the
reception unit 45. As indicated by a dotted line, the micro-
phone array 100, the correlation matrix calculator 110, the
eigenvector calculator 120, and the sound source localization
unit 130 constitute the sound source localization apparatus 1.

The driving controller 140 outputs a control signal to the
head function unit 150 to control the driving of the head 42.
For example, the driving controller 140 outputs the control
signal to the head function unit 150 on the basis of sound
source direction information (to be described later) output
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4

from the sound source localization unit 130 as well as a
command received from the outside via a command receiving
unit (not shown).

The head function unit 150 controls the rotation of the head
42 on the basis of the control signal from the driving control-
ler 140. The orientation (the posture of the microphone array
100) of the microphone array 100 mounted on the head 42 is
changed with the rotation of the head 42.

The microphone array 100 includes plural microphones
and collects plural sounds by the use of the microphones. That
is, the microphone array 100 receives plural sound signals.
Specifically, the microphone array 100 receives sound signals
from various sound sources. The sound sources include target
sound sources (also referred to as “sound sources™) generat-
ing a sound signal (hereinafter, referred to as “target sound
signal”) to be originally acquired and noise sources generat-
ing a sound signal (noise) not to be originally acquired. The
noise sources include external noise sources and internal
noise sources of the robot 4. A heat-dissipating fan (not
shown) mounted on the reception unit 45 is an example of the
internal noise source of the robot. The microphone array 100
outputs the input sound signals to the correlation matrix cal-
culator 110.

The correlation matrix calculator 110 calculates a correla-
tion matrix of the sound signals input from the microphone
array 100. The correlation matrix calculator 110 outputs the
calculated correlation matrix to the eigenvector calculator
120.

The eigenvector calculator 120 calculates an eigenvector
using the correlation matrix. For example, the eigenvector
calculator 120 calculates the eigenvector of the correlation
matrix using the correlation matrix (the correlation matrix of
the input signals) calculated by the correlation matrix calcu-
lator 110. For example, the eigenvector calculator 120 calcu-
lates the eigenvector of the correlation matrix of the input
signals and other eigenvectors using the correlation matrix of
the input signals and one or more predetermined correlation
matrices. The eigenvector calculator 120 outputs the calcu-
lated eigenvectors to the sound source localization unit 130.

The eigenvector calculator 120 corrects the predetermined
correlation matrices to change the eigenvectors of the prede-
termined correlation matrices. When the eigenvectors are
changed, the eigenvector calculator 120 outputs the changed
eigenvectors to the sound source localization unit 130. The
eigenvectors of the predetermined correlation matrices are
changed by the correction of the eigenvector calculator 120,
thereby adjusting the intensity of the measured signals (plural
sound signals (target sound signals and noise signals) col-
lected by the microphone array 100). The details of the pre-
determined correlated matrices and the eigenvector calculator
120 will be described later.

The sound source localization unit 130 localizes the sound
source using the eigenvectors. The sound source localization
unit 130 outputs sound source direction information indicat-
ing the localized sound source direction to the driving con-
troller 140. The details of the sound source localization unit
130 will be described later.

FIG. 3 is a diagram schematically illustrating the robot 4
and the surrounding environment of the robot 4. As shown in
FIG. 3, the robot 4 is placed in environments of external target
sound sources, noises from a fan in the reception unit 45 as an
internal noise source, external noise sources, and the like. The
external sound sources can move in any direction and the
volumes thereof vary.

Techniques for Sound Source Localization Apparatus

Technical details (including technical details serving as a
basis of the sound source localization apparatus 1 according
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to this embodiment) of the sound source localization appara-
tus 1 according to this embodiment will be described in detail
with reference to FIGS. 4 to 9.

A common signal model will be first described. FIG. 4is a
diagram illustrating various parameters used in the following
description. The model of signal x,,(t) measured by each
microphone is considered as a linear receiving system like
Expression 1.

Expression 1

L
Xn0)= Y Aty $, 05102, 0D} + iz, 8)

=1

As shown in FIG. 4, m is an index of a microphone, 1 is an
index of a sound source, t is time, ¢ is the orientation of the
robot head, 0, is the direction of the 1-th sound source, s,(t,0,)
is the signal of the 1-th sound source in the time domain, and
n,,(t,9) is the additive noise mainly in respect of environmen-
tal noises. x(t) is changed to Expression 2 by the Fourier
Transform.

L Expression 2
X(w) = Z{Al(w, $, 0)Si(w, 6} + N(w, ¢)

=1

In the MUSIC method used for the localization, a steering
vector G(w,) is calculated before the localization as
described below. When it is assumed that the orientation of
the head is $=0, the number of sound sources is .=1, and the
noise is n,,(t,¢)=0 and the sound source signal s,(t,0,) is an
impulse signal, the Fourier transform of x,,,(t)=a,, ,(1,0,0,)s{,
0,) is expressed by Expression 3.

X(w)=4,(0,0,8,)S,(0,0,)=4,(0,0,6,)

Since the sound signal is S (®,0,)=1, X(w) in the 1-th sound
source direction 0, is defined as a steering vector. Accord-
ingly, the steering vector G(w,}) is defined as a steering
vector at each 1 before measuring the sound source direction
0, that is, before the localization, by Expression 4.

Expression 3

G(op)=4,(®,0)

During the localization, x(t) is measured at the sampling
time Tt (Notice that now n,(t,¢) of Expression 1 cannot be
assumed to be zero.). When x(t) having been subjected to the
Fourier transform is X(w,T), the correlation matrix R(w,¢) of
x(T) is expressed by Expression 5.

Expression 4

R(0.9)=X(00)X*(w;T) Expression 5

Here, ( )* represents the complex conjugate transpose opera-
tor.

When ¢=0 is assumed for the simplicity, the eigenvalue
decomposition (SEVD) of R(w,¢) is expressed by Expression
6.

R(0.$)=E(0.$)AE (0,¢) Expression 6

Here, A is diag(h, As, . . . , Ay, having the values of R(w,¢)
(where A=A,z . .. zA,,). Since A, represents the intensity of
a sound source, A, and e,(Isi<L) are the eigenvalue and the
eigenvector of the sound source. A; and e,(L+1=<i<M) are the
eigenvalues and the eigenvectors of noises.

Accordingly, in a specific spectrum, specifically, in the
steering expression P(w,) expressed by Expression 7, when
the steering vector G(w,) correctly indicates the sound
source direction, G{(w,\})e,,=0 and thus the peak is infinite.
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P, ) = |G,:l(w, WG(w, )| Expression 7
2 G (w, Yem|
m=L+1

As described above, in the MUSIC method based on the
eigenvalue decomposition (SEVD), since it provides easy
detectable and reliable peaks, it has been used for the robotic
localization. It also realizes the easy implementation for
robots in terms of the numerical algorithm. Since noises
cannot be assumed to be white noises in the real world, the
noises and the sound sources are correlated with each other
and thus the peaks are not infinite.

As described above, the MUSIC method properly works in
localization only when the assumption that the sound sources
are stronger than the noise sources is satisfied. In the robotic
localization, this problem is not avoidable since N(w,) of
Expression 2 is greater than the first term in many cases.
Therefore, since some of e,(1=i<L)) are chosen from noises,
Expression 7 returns undesired peaks.

FIG. 5 is a diagram illustrating various parameters addi-
tionally used in the following description. The sound source
localization apparatus 1 according to this embodiment
employs a MUSIC method based on GEVD (generalized
eigenvalue decomposition) instead of the MUSIC method
based on the eigenvalue decomposition (SEVD). That is, the
sound source localization apparatus 1 according to this
embodiment employs the GEVD utilizing more noise corre-
lation matrices to reduce the environmental noises. In the
below description, the MUSIC method based on the SEVD is
called a MUSIC method and the MUSIC method based on the
GEVD is called a GEVD method. The mathematical charac-
teristics of the GEVD are described in G. Strang, Linear
Algebra and its Applications Third Edition, Harcount Brace
Jovanovich, 1998.

In the sound source localization apparatus 1 according to
this embodiment, the correlation matrices for the GEVD are
dynamically designed to select sounds to be cancelled or
focused. Hereinafter, the function of cancelling or focusing
sounds is called “target source selection”. In the sound source
localization apparatus 1 according to this embodiment, cor-
relation matrices in which the degree of cancel or focusion is
controlled are designed in terms of the target source selection.
Hereinafter, the function of controlling the degree of cancel-
lation or focusing is called “dynamic FoA”. The localization
performed by humans is implemented by the dynamic FoA.
Hereinafter, the localization performed by humans is called
“intelligent localization”.

The sound source localization apparatus 1 according to this
embodiment employs the dynamic transformation of corre-
lation matrices with the change in head orientation in consid-
eration of the rotation of the robot head, that is, the change in
head orientation. Hereinafter, the transformation or the local-
ization using the transformed correlation matrices is called
“correlation matrix estimation”. The system including the
GEVD, the target source selection, the dynamic FoA, and the
correlation matrix estimation is called “selective attention
system”.

FIG. 6 is a diagram schematically illustrating an architec-
ture of the selective attention system. In FIG. 6, the GEVD
corresponds to functions A to J (mainly, functions B, C, D,
and H), the target source selection corresponds to function E,
the dynamic FoA corresponds to function F, and the correla-
tion matrix estimation corresponds to function G. Functions
A to ] are mounted on the robot 4. The GEVD, the target
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source selection, the dynamic FoA, and the correlation matrix
estimation will be described in detail below.
GEVD

The GEVD method is used to solve the problem of the
MUSIC method. When the power of noises is stronger than
the power of the target sounds, the problem is that the eigen-
vectors e, . . ., €; of noises are selected as described above.
The way to solve this problem is to define the correlation
matrix K(w,p) of noises N(w,¢) as expressed by Expression 8.

K(o.9)=Mop)N*(0.9)

N(w,p) is measured using S, (®,0,=0 in Expression 2.
Accordingly, in the GEVD method, R(w,¢) is expressed by
Expression 9.

Expression 8

R(0,9)é,(0.9)=A,K(@.)é,,(0.0)

Here, 4., and &, are new eigenvalues and eigenvectors.

The noises are whitened by Expression 9. If K is a regular
matrix, Expression 10 can be obtained from Expression 9 and
the eigenvalue decomposition is simplified.

Expression 9

K (@.0)R(0.4)é,,(0.0)=,8,,(0,0)

When the noises are uncorrelated to the target sounds, K is
not a regular matrix. However, in many cases of the robotic
sound source localization, the noises and the target sounds are
correlated to each other and thus Expression 10 is valid.

The GEVD spatial spectrum is expressed by Expression
11.

Expression 10

Expression 11

|G (w, ) - G, Y
M

2 G w, ¢) -2l
m=L+1

Plw, ¢) =

In the GEVD method, all noises are suppressed and
€,.1 - - - » €are not selected as the eigenvectors. That is, the
GEVD method is a robust localization method for noises.
Target Source Selection

In the target source selection, a specific sound is selected
using the GEVD method. The inverse matrix of K(w,$) in
Expression 10 can be considered as a “cancel operator” for
cancelling noises N(w,¢) from the correlation matrix R(w,$).
On the contrary, R(w,¢) in Expression 10 canbe considered as
a “focus operator” for focusing the sounds and the noises.

The main idea of the target source selection is based on the
cancel operator and the focus operator. By the selection of the
cancel operator and the focus operator, a desired localization
environment can be designed. Accordingly, assuming that
plural sounds are not detected at the same time, the operators
of the sounds are calculated. First, when no sound is in the
environment, the robot’s own environmental noise N(w,$),
which is pre-measured by ¢ in advance, is sensed by the
microphone array and the noise correlation matrix K(w,$)
thereof'is calculated.

Then, the first sound S, (®,0, ) is sensed by the microphone
array and a new correlation matrix R, (w,$,0,) of the mea-
sured signal X(w) is obtained as expressed by Expression 12.
Expression 12 has information on both the environmental
noise and the first sound.

X(w)=4(0,$,8)S;(®,0 )+Nw,$) Expression 12

Since K~!(w,$) cancels the noise elements from R, (w,¢),
the correlation matrix C, (w,$) of the first sound is expressed
by Expression 13. Intuitively, C,(w,$) can be considered to be
the correlation matrix of A, (,$,0,)S,(w,0,). Strictly speak-
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ing, it is assumed that the noise and the sound are uncorrelated
to each other so that Expression 13 does not include a cross
term.

Cilop)=K @R, (0.0)

Similarly, the second sound is sensed to obtain R, (w,$) and
the correlation matrix C,(w,p) of the second sound is
obtained as expressed by Expression 14.

Coo0)=Cy  (.PK (oPR(0.0)

Similarly, the above-mentioned process is repeated up to
the L-th sound and the correlation matrices C,, . . ., C; are
obtained. The general term of C, is described by Expression
15.

Expression 13

Expression 14

Expression 15

!
Ciw, 9 =[ [ @, K@, pRw, ¢)

i=1

Here, C, is the focus operator for the 1-th sound and C,;™* is
the cancel operator for the 1-th sound A (®,$,0,)S,(w,0)). F1G.
7 is a diagram schematically illustrating the steps of driving
each correlation matrix. In FIG. 7, the steps are expressed in
the hierarchy structure and it is easy to be implemented to the
real equipment algorithmically.

In cancelling and focusing arbitrary sounds, V(w,$) is
defined as a designed correlation matrix. That is, the general
form of V(w,$) is described by Expression 16.

L Expression 16

Vi, ) =[ | P 9K @, 9)

i=1

Here, p, is an integer in the range of —1=<p,<1.
Expression 10 can be rewritten as Expression 17 and can
localize arbitrary sounds.

V(0 H)R(0,9)6,,(0.0)=6,,(0.9)

Dynamic FoA

In Expression 16, p, is only an integer and the focusing and
cancelling of sounds is thus discretely carried out in the target
source selection, whereby the intelligent localization is not
implemented. The dynamic FoA is necessary for the imple-
mentation of the intelligent localization.

The main idea of the dynamic FoA is to transform each C,
continuously from 1 to C;™! or from C,* to 1. Here, C, ' is
used for the decaying as described above, but C,' is used
instead of C,™* for the focusing. The eigenvalue decomposi-
tion of C, ! is described by Expression 18.

CrioP=Efop) A E (06)

Here, A;'=diag(h, ™", . .., ;") is assumed.

For the decaying, Expression 19 is defined. A decay param-
eter D, is continuously changed from 0 to —1 depending onthe
importance of each sound. Specifically, the decay does not
occur when the decay parameter D, is 0, the degree of decay
increases as the decay parameter gets close to -1, and the
degree of decay is the greatest when the decay parameter is
-1. Since the decay parameter D, has the above-mentioned
features, various setting examples can be considered in prac-
tical use. For example, localizing a sound of interest, a degree
of interest for the sound may be set and D, may be set depend-
ing on the degree of interest. Specifically, as the degree of
interest for a sound becomes lower, the value is set to be closer
to —1. For example, in localizing a sound with a high degree

Expression 17

Expression 18
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of'speech recognition, D, may be set depending on the degree
of speech recognition. Specifically, as the degree of speech
recognition becomes lower, the value is set to be closer to —1.
That is, the value may be set to be close to —1 with a decrease
in the degree. With the lapse of time after the robot senses a
sound, the decay parameter may be slowly made to be
smaller.

C,Dl(w,q)):E,(m,q))diag(?»,yIDI, . ,h,MDZ)E,’l((D,q)) Expression 19

When a human hears a new sound, the human listens to the
new sound, checks if'the sound is to be listened, and gradually
cancels the sound. The dynamic FoA achieves such an intel-
ligent localization.

Correlation Matrix Estimation

The sound source localization with the rotation of the robot
head will be described. The correlation matrix estimation is to
solve the problem that the orientation of the microphone array
and the directions of target sounds and noises are changed
with the rotation of the head. The orientation ¢ of the head is
set as a variable.

As described above, even when C,(w,$) is acquired from
Expression 15, the rotation of the head from ¢ to ¢' changes
C/mw,p) to Cw,¢") for all the correlation matrices. Accord-
ingly, the estimation from C/w,$) to C(w,d") is necessary.
The steering vector G(w,\) is used for the estimation. As
described in the target source selection, C,(w,$) can be con-
sidered as the correlation matrix of A (®,$,0,)S(®,0,). That s,
it is described by Expression 20.

Cilw, ) =1{A1(8, 0)S1ODHA(S, 0S8} Expression 20

= Ay, ONA] ($, 0)S,(00ST (8)

In Expression 20, since S,S;* is not dependent on ¢, the
transformation matrix T w,$,¢") of Cw,p) from ¢ to ¢' is
defined as Expression 21.

TH .00 ={4(P)4* (@)} {4dd 4"}

That is, the post-rotated correlation matrix C, (w,$,¢")
after the head rotates from ¢ to ¢' is described by Expression
22 using the pre-rotated correlation matrix C,(w,¢) and the
transformation matrix T,(w,$,¢").

Co99)=T{(0,9.0)Ci(0,0)

System Implementation

The GEVD, the target source selection, the dynamic FoA,
and the correlation matrix estimation have a feature that their
functions are sound-independent operations. Accordingly,
the functions can be easily implemented algorithmically.
Since the operations can deal with sounds one by one dynami-
cally, the selective attention system can be highly adapted to
various environmental changes.

For example, the operations steps for the localization are
described in the following order:

1. Determination of R(w,¢) (1=lsL);

2. Determination of C(w,p) by Expression 15;

3. Determination for target source selection by p, in
Expression 16;

4. Decision for the dynamic FoA by defining D, in Expres-
sion 19 depending on importance of sounds; and

5. Transformation of C,(w,¢) by Expression 22 with head
rotation.

In this work, Honda ASIMO with an embedded 8-ch
microphone array is used as a robot for the experimental
validation. The position of the array is on its head, and it has
a uniform-circular-array-like geometry. Two speakers are

Expression 21

Expression 22
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located at 60° and —-60° of the front side of ASIMO, and emit
different sounds (may emit the same sound). The distance
between ASIMO and the sounds is 1 m, whichis deemed to be
far field with respect to the microphone array. ASIMO has its
own fan on the back side, which is regarded as a loud envi-
ronmental noise. The sounds lower than the fan noise are used
for the validation of the GEVD. The architecture of the
experimental setup is shown in FIG. 6. The control PC and
ASIMO are connected through a wireless network. ASIMO
sends data of the sounds recorded by the array and the PC
sends the angle for its head rotation. For the real time pro-
cessing, all the proposed functions are implemented as com-
ponent blocks of HARK robot audition software based on
FlowDesigner, which is C++ based code. All the operations
onthe PC side are carried out by a laptop with a 2.5 GHz Intel
Core 2 Duo and a 2 GB SDRAM running linux.

Evaluation

Here, the validity of the proposed methods is evaluated by
both simulation and experiment. The common conditions for
the evaluation are as follows.

K(w,p) is given by 5° of the head angle.

There are 2 sounds at 60° and —60°.

Main environmental noise comes from a position of an

angle of 180°.

The power of environmental noise N(w,¢) is stronger than
that of sounds to be localized.

The sound from a position of an angle of -60° is first
detected and the sound from a position of an angle of 60°
is then detected.

The steering vector G(w,\}) is given by 5°. That is, y={-
175, =170, . . ., 180} [deg].

The head rotation is done when the robot detects a sound
and tries to face the sounds. Therefore, C,(w,$) corre-
sponds to the sound from —-60° and C,(w,$) corresponds
to the sound from 60°.

First, the MUSIC method and the GEVD are compared
numerically to represent how strong the GEVD is to the
environmental noises. It is assumed for the evaluation that the
head orientation is fixed to 0°. FIG. 8 is a diagram illustrating
the comparison result between the MUSIC method and the
GEVD. In FIG. 8, the horizontal axis represents the signal-
to-noise (SN) ratio and the vertical axis represents the local-
ization accuracy. The graph indicates the number of frames
which detected peaks of sounds in 100 blocks. The MUSIC
method and the GEVD were compared for the 1- and
2-sounds localization. In both cases, the MUSIC performance
was obviously degraded because of the assumption of “the
power of the environmental noises N(w,¢) is stronger than
that of the sounds to be localized”. On the other hand, the
GEVD pertfectly localized the sounds even when the SN ratio
goes negative. In all cases, the GEVD was more robust
against noises than the MUSIC method. The validity of the
GEVD is successfully verified.

The selective attention system is evaluated. FIGS. 9A to 9D
are diagrams illustrating the snapshots of the experiment with
the selective attention system. The sound used in the experi-
ment are much smaller than the fan noise and satisfies the
assumption of “the power of the environmental noises N(w,¢)
is stronger than that of the sounds to be localized”. The robot
rotates its head so as to face the localized sound source.

FIG. 9A shows the first phase of the experiment. Here, ¢ is
now 0° and the speaker at —60° starts emitting the low clock-
alarm sound s, (t,—60). The right side of FIG. 9A shows the
spatial spectrum of both the MUSIC (actually, the SEVD
which is a modification of the MUSIC method) and the
GEVD when the robot hears the sound. As shown in FIG. 9A,
the MUSIC detects a high peak in the direction toward the fan
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noise which is on the back side of the robot (180° in FIG. 9A).
Therefore, in the MUSIC, the robot does not rotate its head
toward the sound source. On the other hand, since the GEVD
can cancel the noise using K(w,0), the peak is apparently on
the front side of the robot (-60°). Therefore, in the GEVD, the
robot successfully rotates its head so as to face the sound
source even under loud noise environment. The noise robust-
ness of the GEVD is clearly confirmed by the experiment
result.

FIG. 9B shows the second phase of the experiment. The
robot faces to s, (t,—60) and tries to cancel the sound using the
dynamic FoA. First, a correlation matrix R, (w,-60) is calcu-
lated, and then a correlation matrix C,(®,-60) is derived to
hear the new sound. The dynamic FoA starts working when
C,(w,-60) is determined by Expression 23. It is seen that the
function is also working properly (see the right side of FIG.
9B). When the cancelling of the sound is finished, it gets ready
to hear new sounds.

C(0,~60)=K}(0,~60)R  (0,~60) Expression 23

In FIG. 9C, the speaker at 60° emits low music sound
$,(1,60). The robot currently has the correlation matrices
K, (0,-60), R, (0,-60), and C, (w,—60). When the robot hears
the new sound, C,(w,-60) is obtained from R,(w,-60) using
an equation of C,(0,-60)=C, ™ (w,-60)K™*(00,-60)R (w,-
60). Therefore, it can decide focusing or cancelling of each
sound using the target source selection. The right side of FIG.
9C shows the result. The selective attention system can select
a desired sound by appropriate design of the correlation
matrices.

In FIG. 9D, the robot faces to s,(t,60). Since the robot does
not have the correlation matrices C,(,60) and C,(,60), the
correlation matrix estimation is applied. The estimated matri-
ces are derived from Expressions 24 and 25.

C1(0,-60,60)=T,(w,-60,60)C,(w,-60) Expression 24

C5(0,-60,60)=T5(w,-60,60)C(w,~60)

The right side of FIG. 9D shows the localization result
using Expression 26.

Expression 25

P{(,60)=C,~ ! (0,-60,60)K~* (,60) Expression 26

As shown in FIG. 9D, since the peak for the target sound is
the highest, the estimation also works in the real environment.
As described above, the validity of each function is success-
fully confirmed only by the numerical simulation but also by
the experiment.

Details of Eigenvector Calculator

The eigenvector calculator 120 will be described in detail
based on the above description. In FIGS. 2 and 6, the micro-
phone array 100 corresponds to function A, the correlation
matrix calculator 110 corresponds to functions B, C, and D,
the eigenvector calculator 120 corresponds to functions E, F,
and G, the sound source localization unit 130 corresponds to
function H, and the driving controller 140 corresponds to
functions I and J.

FIGS. 10A to 12B are diagrams schematically illustrating
the function of the eigenvector calculator 120. FIG. 10C is
identical to the figure included in function E in FIG. 6, FIG.
11B is identical to the figure included in function F in FIG. 6,
FIG. 12B is identical to the figure included in function G in
FIG. 6. In FIGS. 10C, 11B, and 12B, the scales of the direc-
tions and powers of signal 1 and signal 2 are not adjusted to
coincide for the convenience of explanation. In the following
description, character “X"” means that " is attached to char-
acter X.
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The localization of a desired signal will be described with
reference to FIGS. 10A, 10B, and 10C. In the following
description, it is assumed that the correlation matrix calcula-
tor 110 acquires input signals s as plural sounds, which
include noise n from a noise source, signal 1 from a sound
source 1, and a signal 2 from a sound source 2, from the
microphone array 100. It is also assumed that the noise cor-
relation matrix K of noise n, the correlation matrix C; of
signal 1, and the correlation matrix C, of signal 2 are calcu-
lated as predetermined correlation matrices by the correlation
matrix calculator 110 (Expression 8 and 15) and are stored in
advance (function B in FIG. 6).

For example, when a signal 1 is to be localized, the eigen-
vector calculator 120 calculates an eigenvector e,,” using the
correlation matrix R of the input signals s, the noise matrix K,
and the correlation matrix C, (Expression 17), as shown in
FIG. 10A. Then, the sound source localization unit 130 local-
izes the signal 1 using the eigenvector e,,” (Expression 11).
That is, as shown in FIG. 10C, the noise and the signal 2 are
cancelled and the peak of the signal 1 is marked (the right-
lower side of the drawing) using C, 'K~!, thereby localizing
the signal 1.

Similarly, when the signal 2 is to be localized, the eigen-
vector calculator 120 calculates an eigenvector e,,” using the
correlation matrix R of the input signals s, the noise matrix K,
and the correlation matrix C,, as shown in FIG. 10B. Then,
the sound source localization unit 130 localizes the signal 2
using the eigenvector e,,,". That is, as shown in FIG. 10C, the
noise and signal 1 are cancelled and the peak of the signal 2 is
marked (the left-lower side of the drawing) using C, 'K,
thereby localizing the signal 2.

When merely noise is to be cancelled, it is sufficient for the
eigenvector calculator 120 to calculate the eigenvector e,
using the correlation matrix R of the input signals s and the
noise correlation matrix K.

The sound source localization unit 130 outputs { as the
localization result to the driving controller 140. The driving
controller 140 acquiring 1 calculates the head orientation ¢
on the basis of . The driving controller 140 calculating ¢
outputs control information including ¢ to the head 42 to
rotate the head 42 and outputs ¢ to the eigenvector calculator
120. The eigenvector calculator 120 acquiring ¢ stores ¢ as
microphone posture information. The microphone posture
information is information representing the posture of the
microphone array 200 (the posture of the head 42).

The adjustment of the degree of cancellation of a signal
will be described with reference to FIGS. 11A and 11B. In the
cases of FIGS. 10A, 10B, and 10C, the noise and the signal 2
are cancelled when the signal 1 is to be localized. However,
when the degree of cancellation of the signal 2 is to be
adjusted, the eigenvector calculator 120 corrects the correla-
tion matrix C, into the correlation matrix C,”* (Expression
19) and calculates the eigenvector e, of the correlation
matrix C, as shown in FIG. 11A. That is, as shown in FIG.
11B, by changing the value of D, depending on the degree of
interest, the degree of cancellation of signal 2 can be adjusted.
A similar process can be applied to adjustment of the degree
of cancellation of the signal 1. That is, since a predetermined
correlation matrix is corrected by the eigenvector calculator
120 and the eigenvector of the predetermined correlation
matrix is changed, it is possible to adjust the power of the
measured signal (for example, numerical values (level) in the
height direction of the three-dimensional images shown in
FIGS. 9 to 12B). For the convenience of explanation, the
noise is not shown in FIG. 11B.

The rotation of the head 42 will be described with reference
to FIGS. 12A and 12B. In FIGS. 10A, 10B, and 10C and
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FIGS. 11A and 11B, the degree of cancellation of signal 2 is
adjusted. However, when the head 42 is rotated, the eigen-
vector calculator 120 corrects the correlation matrix C,”2 into
the correlation matrix C,”*" (Expression 22) on the basis of
the microphone posture information (¢), and calculates the
eigenvector e,,” of the correlation matrix C,”%, as shown in
FIG. 12A. Then, the sound source localization unit 130
adjusts the degree of cancellation of signal 2 using the eigen-
vectore,,” and localizes signal 1 in consideration of the rota-
tion of the head 42 (Expression 11), as shown in FIG. 12B.
For example, in the example shown in FIG. 12B, the peak
before the rotation is 0°; however, the peak after the rotation
is —60°.

According to the above-described embodiment, it is pos-
sible to localize a sound source correctly in the system includ-
ing a stationary noise source. In a system including plural
sound sources, it is also possible to localize a specific sound
source correctly. In the subsequent processes such as sound
source separation and speech recognition, it is possible to
separate and recognize a desired sound source properly. In
addition, it is possible to localize a sound source correctly
depending on the microphone posture without preparing vari-
ous correlation matrices corresponding to the microphone
postures beforehand.

In the embodiment, the eigenvector calculator 120 stores
the microphone posture information (¢); however, the driving
controller 140 instead of the eigenvector calculator 120 may
store the microphone posture information (¢). When the driv-
ing controller 140 stores the microphone posture information
(), the driving controller 140 outputs the microphone posture
information (¢) to the eigenvector calculator 120 in response
to the request from the eigenvector calculator 120.

In the embodiment, ¢ calculated from  output from the
sound source localization unit 130 is used as the microphone
posture information, but the head function unit 150 and the
like may actually measure the posture of the head 42 and use
the measurement result as the microphone posture informa-
tion, instead of using ¢ as the microphone posture informa-
tion. When the actual measurement result is used as the
microphone posture information, the head function unit 150
and the like can measure the posture of the head 42 in
response to the request from the eigenvector calculator 120,
thereby making it unnecessary to store the microphone pos-
ture information.

The above-mentioned operations of the sound source
localization apparatus 1 according to the embodiment of the
invention may be performed by recording a program for per-
forming the operations of the sound source localization appa-
ratus 1 according to the embodiment of the invention in a
computer-readable recording medium and causing a com-
puter system to read the program recorded in the recording
medium and to execute the program. Here, the “computer
system” includes an OS or hardware such as peripherals. The
“computer system” includes a homepage providing environ-
ment (or display environment) in using a WWW system.
Examples of the “computer-readable recording medium”
include memory devices of portable mediums such as a flex-
ible disk, a magneto-optical disk, a ROM, a writable nonvola-
tile memory such as a flash memory, and a CD-ROM, a hard
disk built in the computer system, and the like.

The “computer-readable recording medium” may include
a recording medium keeping a program for a predetermined
time, such as a volatile memory (for example, DRAM (Dy-
namic Random Access Memory) in the computer system
serving as a server or a client when the program is transmitted
via a network such as Internet or a communication line such
as a phone line. The program may be transmitted to another
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computer system from the computer system having the pro-
gram stored in the memory device or the like via a transmis-
sion medium or transmission waves in a transmission
medium. Here, the “transmission medium” for transmitting a
program means a medium having a function of transmitting
information, such as networks (communication networks)
like Internet or communication circuits (communication
lines) like phone lines. The program may embody a part of the
above-mentioned functions. The program may embody the
above-mentioned functions in cooperation with a program
previously recorded in the computer system, that is, may be a
so-called differential file (differential program).

While preferred embodiments of the invention have been
described and illustrated above, it should be understood that
these are exemplary of the invention and are not to be con-
sidered as limiting. Additions, omissions, substitutions, and
other modifications can be made without departing from the
spirit or scope of the present invention. Accordingly, the
invention is not to be considered as being limited by the
foregoing description, and is only limited by the scope of the
appended claims.

What is claimed is:

1. A sound source localization apparatus, comprising:

a sound signal input unit inputting a sound signal and

environmental noise;
a correlation matrix calculation unit configured to:
calculate a correlation matrix of the input sound signal,
focus or cancel the input sound signal using the calcu-
lated correlation matrix for the input sound signal;
and

calculate a noise correlation matrix based on the envi-
ronmental noise;

a rotation determining unit for determining a degree of
rotation of the sound signal input unit;

an eigenvector calculation unit calculating an eigenvector
of the correlation matrix using the calculated correlation
matrix; and

a sound source localization unit configured to:
cancel the environmental noise using an inverse matrix

of the noise correlation matrix; and
localize a sound source using an eigenvector and a gen-
eralized eigenvalue decomposition,
wherein the eigenvector calculation unit:
calculates the eigenvector using the correlation matrix of
the input sound signal and one or more predetermined
correlation matrices; and

transforms the correlation matrix based on the degree of
rotation determined by the rotation determining unit;
and

a decay parameter in the generalized eigenvalue decompo-
sition of the eigenvector is changed based on a degree of
speed recognition.

2. The sound source localization apparatus according to
claim 1, wherein the eigenvector calculation unit includes a
correction unit correcting a predetermined correlation matrix
and changes the eigenvector of the predetermined correlation
matrix.

3. The sound source localization apparatus according to
claim 1, further comprising a microphone posture informa-
tion storage unit storing microphone posture information
indicating a microphone posture,

wherein the eigenvector calculation unit corrects the cor-
relation matrix on the basis of the microphone posture
information.

4. A sound source localization method, comprising:

a sound signal input step of inputting a sound signal and
environmental noise using a sound signal input unit;
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a correlation matrix calculation step of calculating a cor-
relation matrix of the input sound signal, and focusing or
canceling the input sound signal using the calculated
correlation matrix for the input sound signal, and calcu-
lation a noise correlation matrix based on the environ-
mental noise;

a rotation determining step of determining a degree of
rotation of the sound signal input unit;

an eigenvector calculation step of calculating an eigenvec-
tor of the correlation matrix using the calculated corre-
lation matrix; and

a sound source localization step of canceling the environ-
mental noise using an inverse matrix of the noise corre-
lation matrix, and localizing a sound source using a
eigenvector and a generalized eigenvalue decomposi-
tion, wherein, in the eigenvector calculation step,

the eigenvector is calculated using the correlation matrix of
the input sound signal and one or more predetermined
correlation matrices, and the correlation matrix is trans-
formed based on the degree of rotation determined in the
rotation determining step; and

changing a decay parameter in the generalized eigenvalue
decomposition of the eigenvector based on a degree of
speech recognition.
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